Cell therapy with bone marrow mesenchymal stem cells (BMSCs) is a new strategy for treating ischemic heart failure, but data concerning the distribution and retention of transplanted cells remain poor. We investigated the short-term myocardial retention of BMSCs when these cells are directly injected within necrotic or intact myocardium. 111 Indium-oxine-labeled autologous BMSCs were injected within either 1-month-old infarction (n = 6) or normal myocardium (n = 6) from rats. Serial in vivo pinhole scintigraphy was scheduled during 1 week in order to track the implanted cells. The myocardial retention of BMSCs was definitely higher in myocardial infarction than in normal myocardial area (estimated percent retention at 2 h: 63 ± 3% vs. 25 ± 4%, p < 0.001) and the estimated cardiac retention values were unchanged in both groups along the 7 days of follow-up. On heart sections at day 7, labeled BMSCs were still around the injection site and appeared confined to the scarred tissue corresponding either to the infarct area or to the myocardium damaged by needle insertion. BMSCs have a higher retention when they are injected in necrotic than in normal myocardial areas and these cells appear to stay around the injection site for at least a 7-day period.
INTRODUCTION
within the damaged area. Recently, several investigations have shown that cell labeling with 111 In-oxine allows the body distribution of transplanted cells to be Cell therapy with bone marrow mesenchymal stem cells (BMSCs) was recently reported to improve cardiac monitored in vivo up to 7 days after transplantation (3,11). function in ischemic heart disease (13, 15, 16, 23, 24) , an observation that might at least partly be explained by
The present study aimed to assess heart retention and distribution of BMSCs when injected directly within in-the cell ability to give rise to new cardiomyocytes, vessels, and extracellular matrix components within dam-tact myocardium or within a 1-month-old myocardial infarction in rats. For this purpose, body distribution of aged myocardium (2,4, 9, 21 ). Various techniques were tested for delivering bone marrow-derived therapeutic 111 In-oxine-labeled BMSCs was tracked up to 7 days following transplantation using serial planar pinhole scin-cells within damaged myocardium: direct intramyocardial injection (15, 18) , infusion through coronary vessels tigraphy. Thereafter, myocardial distribution of labeled cells was analyzed on histological slices by using a beta (20, 25) or the left ventricular cavity (6), and intravenous perfusion (5). Intramyocardial injection has the potential microimager and microscopy techniques. Additional in vitro analyses were conducted to assess rates of 111 In advantage to allow initial delivery of a high amount of cells to a damaged area, but it is not known how many leakage from labeled cells and the effect of radioactive labeling on BMSC growth. cells are truly retained within the heart and particularly 352 TRAN ET AL.
MATERIALS AND METHODS
B.V., Holland), the labeling process being stopped by a 5-min centrifugation at 950 × g. This 10-min incubation Animal Surgery period was previously found to result in both high Only male Wistar rats, weighing 480 ± 15 g, were enough labeling efficiency (69%) and absence of signifiselected for this study. All animals were housed and cant deterioration of cell viability (96%). treated in accordance with the Animal Welfare Committee of the Faculty of Medicine in Nancy. The investiga-In Vitro Determination of 111 In Leakage From tion conforms with the Guide for the Care and Use of Labeled BMSCs Laboratory Animals published by the US National Insti-For this determination, results from six separate extutes of Health (NIH Publication No. 85-23, revised periments were averaged. In each experiment, freshly 1985). 111 In-oxine-labeled BMSCs were separated into four ali-Under general anesthesia with ketamine (100 mg/kg, quots containing around 2.5 × 10 5 cells each. One ali-IM) and diazepam (5 mg/kg, IP), the left anterior dequot was kept in culture medium solution and used to scending artery was ligated by means of 7/0 Prolene sudetermine 111 In leakage 2 h after labeling. The three ture in six rats. Four weeks later, autologous labeled other aliquots were resuspended in culture flasks, incu-BMSCs (2 × 10 6 cells in 50 µl of PBS), which had been bated with 5% humidified CO 2 at 37°C, and used to deharvested from rat tibias, were injected within the netermine 111 In leakage either 1, 3, or 7 days after labeling. crotic myocardial area of the corresponding animals At each time point, supernatant was isolated from through a left thoracotomy redux. A similar amount of BMSCs by means of a 5-min centrifugation at 950 × g, autologous labeled BMSCs was also injected in intact activities from 111 In were determined on both supernatant myocardium from six sham-operated rats that had under-(As) and BMSCs (Ac) using an automated gamma gone a chest surgery but without coronary ligation 4 counter (GAMMAmatic, Kontron Instruments, Switzerweeks earlier.
land), and the percentages of 111 In spontaneous leakage (SL%) from BMSCs were calculated using the formula: BMSC Isolation and Cell Culture
As × (As + Ac) −1 × 100.
Autologous bone marrow cells, harvested from the
In addition, to assess whether 111 In-oxine labeling tibias by punction, were cultured and expanded as prewould affect the BMSC growth potential, a growth curve viously described in detail elsewhere (19). Briefly, aswas constructed based on the number of cells obtained pired whole bone marrow cells were suspended in Isat days 1, 3, and 7 and data were compared to the norcove's modified Dulbecco's culture medium (IMDM, mal database. Gibco Laboratory, Life Technologies) containing 10% Serial Body Pinhole Scintigraphy fetal bovine serum (22) (Gibco Laboratory, Life Technologies), 0.1 mmol/L β-mercaptoethanol (Sigma), 100
Planar scintigraphic images of the body distribution U/ml penicillin, and 100 µg/ml streptomycin. Cells were of 111 In-labeled BMSCs were provided by a single-head grown in a 5% humidified CO 2 atmosphere at 37°C durgamma-camera (DSX, SMV-GE), equipped with a highing a single 2-week period (one passage), allowing a energy 3-mm pinhole collimator, and with the following high enough number of BMSCs (>2 millions of cells) to parameters: 128 × 128 matrix, 2.0 zoom, and two 20% be obtained. The medium was changed every 2 days, energy windows centered on the 172 KeV and 246 KeV nonadherent cells being then washed out, and the rephotopeaks of 111 In. Images were recorded in the anterior maining adherent cells were BMSCs. As already docuprojection and centered on the heart, with the animals mented on similar cell cultures (10), we found that these being carefully positioned in a prone position. cells express two common markers of BMSCs: 95%
The initial image was recorded 2 h after cell transvimentin + and 95-100% α-smooth muscle actin + .
plantation during a 10-min period and than images at day 1 (24 h), day 3 (72 h), and day 7 (168 h) during Dual Fluorescence and Radioactive Labeling time periods of 15, 20, and 40 min, respectively. Image of BMSCs counts were corrected according to the spatial inhomogeneity of the pinhole recording and two hand-drawn Following the 2-week culture, cells were incubated for 30 min with 10 µM 4′,6-diamidino-2-phenyindol background-corrected regions of interest were used to calculate activities in counts per second from the heart (DAPI, Sigma) for nuclear staining and further fluorescence analyses. and from the overall body. Finally, heart activity from each image was expressed relative to the total injected After subsequent washing steps, adherent BMSCs were trypsinized, resuspended in 1 ml of PBS (final con-activity (total body activity determined at 2 h) and after additional corrections for the physical decay of 111 In (2.9 centration of 2 × 10 6 cells/ml), and labeled for 10 min at 37°C with 15 MBq of 111 In-oxine (Mallinckrodt Medical days).
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The protocol of body pinhole scintigraphy was additionally applied in 10 rats with myocardial infarction and after the intravenous injection via the penian vein of either: (i) autologous 111 In-labeled BMSCs (n = 5) or (i) free 111 In (n = 5), the two main possible sources of a subsequent cardiac incorporation of 111 In after the cells had been injected.
Histology and Microimaging
At the end of the last 7-day scintigraphic image, the animals were sacrificed by intravenous injection of high pentobarbital and KCl. Thereafter, their hearts were excised and snap frozen in nitrogen liquid-cooled isopentane. Four contiguous transverse cryosections of the heart, passing through the site of cell injection, were obtained. One cryosection of 5 µm thick was stained with the trichrome hematoxylin-eosin-safran method (HES) and another of 5 µm thick with Sirius Red (SR). An additional cryosection of 5 µm thick was used to look for DAPI-stained nuclei within transplanted cells using fluorescent microscopy. A final cryosection of 16 µm thick was recorded during a 24-h period with a beta microimaging system (µ-imager, Biospace) in order to quantify the distribution of 111 In-labeled cells within the overall myocardial slice. This imaging and counting system detects electrons emitted during radioactive disintegrations on the overall surface of histopathologic slices and with a high spatial resolution (<50 µm).
Statistical Analysis
Quantitative data were expressed as mean ± SEM. Student's t-test was used for unpaired comparisons between rats with infarction and sham operation. A value of p < 0.05 was considered as statistically significant. to 0.72 ± 0.13% from 3 to 24 h and to 0.08 ± 0.01% from day 2 to day 7. As illustrated in Figure 1A , 44 ± 2% of 111 In was retained within BMSCs at 2 h, 27 ± 2% where body pinhole scintigraphy was recorded after the at day 1, 24 ± 1% at day 3, and 20 ± 1% at day 7. In intravenous injection of either 111 In-labeled BMSCs or addition, up to 7 days after 111 In-oxine labeling, the free 111 In. BMSCs displayed an equivalent growth pattern com-This activity was, by contrast, much higher after the pared to control, the rate of cell proliferation being estiintramyocardial injection of 111 In-labeled BMSCs, and mated at 34,234 ± 3,814 cells per day (normal growth serial body pinhole scintigraphy was able to monitor the rate = 40,635 ± 4,437 cells per day) ( Fig. 1B) .
RESULTS
cardiac retention of these cells during the 7-day follow-Serial Body Pinhole Scintigraphy up ( Fig. 2A) . In 1-month infarct rat hearts, the calculated percentages of the injected 111 In activity were 27.1 ± Heart uptake was always very low, less than 1% of the total injected activity, in the additional experiments 2.9% at 2 h, 17.4 ± 3.6% at day 1, 14.5 ± 1.7% at day . The open symbols correspond to the corrected curves, defined as the ratio of the mean radioactivity in the heart to the mean radioactivity that remained in BMSCs at each time point according to the in vitro study, obtained from sham-operated rat hearts (circles) and from 1-month infarct rat hearts (squares). Data are given as mean ± SEM (n = 6). *p < 0.05 versus the specific gamma activity measured at 2 h after injection.
3, and 11.5 ± 1.5% at day 7, and they were around 2.5-trast, in rats with coronary occlusion, most 111 In-labeled BMSCs were located in large areas with high-density fold higher than those determined when 111 In-oxine-labeled BMSCs were injected in intact myocardium from fibrosis corresponding to the previous myocardial infarction ( Fig. 4) . sham-operated rats (2 h: 10.8 ± 1.5%, day 1: 6.9 ± 6.1%, day 3: 6.1 ± 0.6%, and day 7: 4.5 ± 0.4%; p < 0.05 at Characteristic examples of the microscopic views of histological slices are displayed in Figure 4 . Most DAPI-each of the four time points) (Fig. 2B) .
When time evolutions of heart activity from scintig-labeled BMSCs were located between the collagenous layers within needle induced-or chronic infarct-related-raphy were corrected according to the rates of 111 In retention, determined at the same time points on BMSC fibrotic areas. At this time (i.e., 7 days after injection) some BMSCs had round shaped nuclei and others had cultures, a mean constant value of 60% of injected BMSCs could be estimated to be retained within hearts through-a fibroblast-like morphology with elongated nuclei and fusiform cytoplasm. out the 7 days of follow-up. In sham-operated animals, this percentage was 2.5 times lower, around 25%, and it DISCUSSION was also constant during the 7 days of follow-up.
In the present study, 111 In-oxine labeling of BMSCs Cardiac Distribution of Transplanted BMSCs was successfully used to follow cardiac retention and body distribution of BMSCs when injected directly Characteristic examples of macroscopic views of the transverse histological slices passing through the site of within intact myocardium or within a 1-month-old myocardial infarction in rats. The main finding is that a 2.5-cells injection are displayed in Figure 3 . In all cases, images from the µ-imager gave evidence that 111 In-fold greater retention was documented in 1-month-old infarct hearts compared to the normal counterparts. labeled BMSCs were still around the injection site after day 7 following transplantation. Moreover, these cells Our technique of 111 In-oxine labeling was optimized to reach a high enough labeling efficiency (69%) with a were always in areas where a cellular loss and an increase in collagen fibers were documented on the con-high level of cell viability (>95%) and an unchanged growth potential, when labeled and unlabeled BMSCs tiguous slices colored by HES and Sirius Red. In shamoperated rats, 111 In-labeled BMSCs were located in areas were compared on cell culture. One of the potential drawbacks of using this radiotracer is the high rate of leakage showing only low-density fibrosis areas that were likely to correspond to the myocardium damaged by the needle and its importance may vary depending on the labeled cell types (3,7,14,17 ). In the present study, the rate of insertion during the cells' injection procedure. By con- (d, ×40) is image taken in the junction of the remote normal myocardium (r) and the infarct area (im) filled with BMSCs; (e, ×100) and (f, ×400) are contiguous cryosections showing that DAPI-positive nuclei of injected BMSCs were mainly present in the infarct area; (g, ×40) and (h, ×100) are HES-stained cryosections demonstrating that BMSCs (ce) were located preferentially between the collagenous (fb) layers; (I, ×200) shows that 7 days after intramyocardial injection, some implanted BMSCs had round shaped nuclei (arrow) and others had a fibroblast-like morphology with elongated nuclei (arrowhead). Some macrophages (asterisk) were detected in this area. 111 In leakage from cultured labeled BMSCs was esti-vivo after the intramyocardial injection of 111 In-labeled BMSCs. It may be hypothesized, therefore, that BMSCs mated to be as much as 28% per hour during the first 2 h but, afterward, it decreased to less than 1% per hour. eliminate the 111 In label at a similar rate in vivo and on cell culture. This hypothesis is strengthened by the addi-In vivo, it has been previously demonstrated that the leakage of 111 In from labeled cells: (i) resulted in a high tional observation that heart uptake was very low when free 111 In or 111 In-labeled BMSCs were injected intrave- 111 In uptake in the liver and spleen, (ii) had hepatobiliary and renal excretion pathways, and (iii) did not lead to nously in rats, in accordance with a previously published study (8) . In vivo, indeed, there are two main possible any significant heart uptake (14) . This is in accordance with our observation of an enhanced activity in the liver sources of a subsequent cardiac incorporation of 111 In after the cells had been injected: (i) the free 111 In, which and spleen during the 7 days following the intramyocardial injection of 111 In-labeled BMSCs (see Fig. 2A ).
is provided by cells leakage, and (ii) the 111 In-labeled BMSCs, which failed to be retained within myocardium An additional observation was that the release rate of 111 In from cultured BMSCs was close to the decrease at the time of injection. Our study shows that both are very unlikely to exhibit a significant late cardiac incor-rate in 111 In heart activity, which was documented in poration. In vivo, therefore, the evolution of heart activ-observation that, at 2 h following injection, activity from the lung and pleural area was much lower in sham-oper-ity is likely to depend on the release rate of 111 In, similar to what occurs for BMSCs on cell culture. ated rats than in those without myocardial infarction (29 ± 8% vs. 41 ± 6%, p < 0.01), whereas this area is When time evolutions of the heart radioactivity were corrected according to the rates of 111 In leakage deter-likely to receive cells failing to be initially retained by the heart. mined in vitro, constant amounts of BMSCs were found within myocardium from 2 h to 7 days of follow-up.
In conclusion, our study shows that when BMSCs are injected within rats' myocardium: (i) cells retention is This strongly suggests that the initially implanted BMSCs do not exhibit any significant body or cardiac redistribu-much higher within 1-month myocardial infraction than normal myocardium and (ii) the transplanted cells ap-tion during at least a 7-day period. This hypothesis relies on our assumption that the 111 In leakage from BMSCs is pear to stay around the injection site, without evident body or heart redistribution, for at least a 7-day period. equivalent in vivo and in vitro, as already discussed above, but it is also strongly supported by the analysis Therefore, the number of transplanted cells might depend on the amount of scarred tissue (extent of infarc-of tissue sections at day 7. On these sections, indeed, areas of 111 In-labeled BMSCs were always still around tion) and on the technique of cell injection (infarction core or peripheral zone, single or multiple sites, ect.). the injection site and these areas were matched to those of DAPI-positive cells.
These various conditions for the cells' injection might influence the therapeutic efficacy. Finally, our main finding, which is independent of any hypothesis regarding the rate of 111 In leakage in ACKNOWLEDGMENTS: This work was granted by The vivo, was that the myocardial retention of BMSCs was to the rates of 111 In leakage determined in vitro. This 3300-3305; 2004. mean value reduced to 25% in the group of rats where
